Abstract: As an alternative process to the chemical modifications commonly practiced for food starches, dry heating of a starch with a presence of ionic gums such as sodium alginate, sodium carboxymethylcellulose (CMC), and xanthan was investigated. Waxy maize starch was dispersed in a dilute gum solutions (1% gum based on starch solids, 36% starch in the solution). The dispersion was dried (45 C overnight) to moisture contents less than 10%, and then heated (130 C for 2 h) in a convection oven. Paste viscosity and crystal melting of the heat-treated starch powders were measured using a Rapid Viscoanalyzer (RVA) and a differential scanning calorimeter (DSC), respectively. Under RVA viscograms, xanthan behaved like a cross-linking agent reducing the peak viscosity but increasing the shear stability, whereas CMC and alginate raised the peak and final viscosities as the chemicals for starch substitution did. The overall changes in the paste viscosity were most significant when xanthan was added. The pH of the starch-gum dispersion affected the paste viscosity of the heat-treated starches. A mild acidity (pH 6) was favored for the viscosity changes when sodium alginate was added, whereas a mild alkalinity (pH 8) enhanced the viscosity increase when xanthan was used. By using gum mixtures such as xanthan-CMC and xanthan-alginate, the increases both in final viscosity and in shear stability could be achieved as the effect similar to the dual chemical modifications (substitution and crosslinking). But the dry heating with ionic gums did not provide substantial changes in the melting of the starches (DSC), indicating that the crystalline regions in starch remain relatively inert to the dry heating process. The interactions between starch and gum molecules induced by the heating responsible for the viscosity changes might occur only in the amorphous regions.
Commercial starch products usually contain limited amounts of moisture (less than 15%). The low moisture content makes the starches resistant to microbial deterioration and to thermal processing. But when the dry starch products are exposed to an excess heat, usually at a temperature over 200 C, thermal degradation of starch and some discoloration may occur. 1) A mild heating, however, may change the physical properties of starch without thermal degradation. Goto 2) reported first the heating effect of starches in which the heating in an electric oven <120 C up to 20 h resulted in reduced maximum viscosity and pasting temperature of the starches. Seguchi and Yamada et al .
3) heated a wheat flour in an oven (120 C for several hours) to make it more hydrophobic, and thus favorable in cake baking properties. More recently, Chiu et al . 4) claimed that dry heating could be used as an alternative process to the chemical modification commercially used for starches or flours of various origins. The starch or flour heat treated at>100 C, preferably for several hours yielded a functionality equivalent to that obtained by chemical cross linking by increasing the resistance to viscosity breakdown and by shortening the paste texture. Dehydration (<10% moisture) before the heating and mild alkalinity (pH 8 9.5) of starch enhanced the heating effect. This patented process is currently used in a commercial production of novel modified starches.
Reactive compounds may be added during the heat treatment of starch. A small amount of levoglucosan added to wheat starch before dry heating has introduced new enzyme resistant glycosidic linkages. 5, 6) Multifunctional carboxylic acids such as citric acid and itaconic acid has also been used as reactants in dry heating of starch. 7, 8) The acids were supposed to convert to their anhydrides that could react readily with the hydroxyl groups of starch. The ester formation was facilitated as the pH of the acid starch mixture was lowered. 8) Gums are often used together with starch as additives in various food products to improve physical characteristics. 9 13) In most cases, the gums increase thickening and gelling capabilities of the starch by mixing in aqueous food systems. Instead of the simple aqueous mixing, the starch and gums can be processed together by physical treatments using heat and or pressure, such as jet cooking 14) and extrusion, 15 17) to achieve additional effects. But the interactions between the two different polysaccharides during the physical treatments are not fully understood.
Recently, we thermally treated granular starches in dry state in a minor presence of ionic gums, and achieved substantial increase in paste viscosity of the starches. 18, 19) The type of starch and gums used, and the pH of the starch gum mixtures affected the physical properties of the treated starch gum mixtures. 19) In this paper, the over- all effects of the dry heating with ionic gums on the physical properties of waxy maize starch were reviewed.
MATERIALS AND METHODS

Starch and gums.
Waxy maize starch was provided by A.E. Staley Manufacturing Company (Decature, IL). Xanthan and sodium alginate were products from Nutra Sweet (Chicago, IL), and sodium carboxymethylcellulose (CMC) was a low viscosity type produced by Hercules Inc. (Wilmington, DE).
Dry heating of starch-gum mixtures. The starch was dispersed in a dilute gum solutions (1% gum based on starch solids, 36% starch in the solution). Three ionic gums including sodium alginate, CMC, and xanthan were compared. Because the ionic gums change the pH of the starch dispersion, the starch gum solutions were equally adjusted to pH 6 or pH 8 by adding aqueous HCl (0.2 M) or Na2CO3 (0.1 M) solution before the heat treatment. After stirring the starch gum solution for 30 min at room temperature, the whole dispersion was dried in a convection oven (45 C) until the moisture content reached less than 10%. The dried cake was ground to powders and passed through a 100 mesh sieve. By grinding to a powder, the surface area could be increased and thus the reaction efficiency during heating could be improved. The starch gum mixture powder was heated in a convection oven at 130 C for 2 h.
Paste viscosity measurements. Paste viscosity of the starch samples (7.0%, w w) was measured in a neutral buffer solution (0.1 M sodium phosphate) using a Rapid Viscoanalyzer (RVA, Newport Scientific, Australia). The standard procedure (No. 1), starting and ending at 50 C with 3 min holding at 95 C and 15 min total analysis time, was used for the analysis.
Starch melting. Crystal melting of the starch samples was measured using a differential scanning calorimeter (Seiko Instruments, DSC 6100, Chiba, Japan). The instrument was calibrated with indium and mercury. Two milligrams of the dry solids and 8 mg of the neutral buffer solution (0.1 M sodium phosphate) were loaded in an aluminum DSC pan, and heating was done from 10 to 120 C at a rate of 5 C min. Empty pan was used as a reference.
Carbohydrate leaching. The amount of carbohydrates leached from the starch samples in the neutral sodium phosphate buffer solution was measured. The dried starch sample (0.1 g, dry basis) was dispersed in the buffer solution (9.9 mL), and the dispersion was stirred for 1 h at room temperature. The dispersion was filtered (Whattman No. 1), and total carbohydrate content in the filtrate was measured by the phenol sulfate method.
20)
RESULTS AND DISCUSSION
Paste viscosity of heat-treated starch itself.
The heating itself without a gum affected the paste viscosity of the starch, although the presence of gums enhanced the heating effect (Table 1) . 19) The paste viscosity depended on the pH of the starch gum mixture, 19) initially adjusted before the heat treatment. The heating with a mild acidity (pH 6) resulted in substantial decreases in viscosity of the heated starch, whereas the heating of the starch gum mixtures adjusted at pH 8 increased the viscosity. The viscosity decrease by heating at pH 6 may indicate some acid catalyzed hydrolysis. The increased viscosity by the alkaline heating (pH 8) might be from the structural disruption of the starch granules during the heating under the alkalinity. One feature observed with all the heat treated starches either at pH 6 or at pH 8 was apparent decreases in pasting temperature. It proved that there were minor disintegrations of the granular structure of the starch by the heat treatment.
Chiu et al . 4) prepared thermally inhibited granular starches which were functionally equivalent to chemically cross linked starches (120 180 C up to 20 h). The starch granules became more resistant to the viscosity breakdown, and formed a non cohesive or short textured paste. The heated starches are not same as heat moisture treated or annealed starches because they displayed reduced gelatinization (or pasting) temperatures. They suggested that the neutral or alkaline conditions were preferable for the heat treatment. The waxy maize starch heat treated in this experiment displayed the similar changes in paste viscosity with reduced pasting temperature and breakdown. As they reported, the final viscosity increase of waxy starch was obtained when the pH of the starch solution was 8.0. NoGum pH6  77  75  89  85  2460  1790  980  830  110  290  1590  1250  NoGum pH8  76  75  86  84  2510  2920  1040  1250  280  360  1750  2030  Algin pH6  77  76  88  83  2200  2570  740  1130  80  300  1530  1730  Algin pH8  77  75  87  84  2260  3230  1080  1460  360  370  1530  2150  CMC pH6  77  76  88  82  2310  2560  870  880  160  140  1590  1830  CMC pH8  77  75  86  86  2230  3480  1000  1490  300  320  1530  2310  Xan pH6  77  77  86  95  2600  1360  1100  10  250  150  1750  1500  Xan pH8  75  77  86  95  2600  2100  1420  10  520  340  1700  2420  Xan Algin pH6  77  77  87  95  2260  1860  800  60  130  110  1590  1910  Xan Algin pH8  77  77  87  95  2220  2810  1040  1290  150  180  1520  2540  Xan CMC pH6  77  76  89  ND   a   2310  ND  860  0  130  ND  1580  1890  Xan CMC pH8  72  76  89  95  2140  2410  850  10  220  470  1510  2870 Not determined.
Paste viscosity of heat-treated starch with sodium alginate or CMC. After a preliminary test of several commercial gums, it was found that only ionic gums, such as sodium alginate, CMC, and xanthan were effective in modifying the paste viscosity of starch. 18) Because the ionization of the gums depends on the pH of the gum solution, the effects of the ionic gums tested may vary with the pH of the slurry. 19) Therefore, the waxy maize starch tested was dispersed in the aqueous gum solutions (1.0% based on total starch solids), and the pH of the dispersion was adjusted to 6 or 8 before the heat treatment. Mixing the granular starch with the water soluble gum in this way was necessary to produce the thermally induced viscosity changes, although the proportion of the gum that actually impregnated the starch granules is unknown. Table 1 shows the effects of dry heating in the presence of alginate (Algin) at different pH values on the paste viscosity of waxy maize starch. 19) The heated starch in the presence of alginate at pH 8 (Algin pH 8 and H) displayed a viscogram with significantly higher values of peak and final viscosities than did the starch heated at pH 6. Acid thinning might have occurred during the heating at pH 6 as shown by the heated starch alone. To examine the real effect of the gum, comparison was done before and after the heat treatment (NH and H, Table 1 ). When the starch sample was treated at pH 6.0, the heating with alginate increased the final viscosity by 200 cP (from 1530 to 1730), whereas the sample without the gum (NoGum) showed a viscosity decrease of 340 cP (from 1590 to 1250). The heated starch sample with alginate under the mild alkalinity (pH 8) displayed a viscosity increase of 620 cP (2150 1530 cP), but the heated starch itself (NoGum pH 8) under the identical conditions showed a less degree of viscosity increase (2030−1750 cP=280 cP). Therefore, the overall effect of alginate in increasing viscosity was slightly greater at pH 6 (540 cP) than at pH 8 (340 cP). The effect of alkalinity itself on the heated starches with or without alginate was significant by providing the higher viscosity values, compared to those of the starches treated under the acidity.
When the starch is heated, the residual moisture is driven off, and this facilitates the interactions between the carboxyl groups in alginate and the hydroxyl groups in starch. The formation of covalent linkages (ester formation) may be possible, and should be also more pronounced when more carboxyl groups are in the free acid form. The greater net viscosity increase under the acidic conditions supports the hypothesis. Although the assumed ester formation is facilitated when more of the carboxyl groups of the gum are in the acid form (pH 6), the reaction might also depend on physical contact between the two polysaccharides. The alkalinity in the dispersion (pH 8) could facilitate the swelling of starch granules so that the gum molecules could more easily penetrate inside the granules. As the starch heated without a gum at pH 8 showed, minor disruptions induced by the alkalinity also enhanced the contact of the gum molecules to starch. Therefore, the higher viscosity values for the starch samples treated under the alkaline conditions might result not from the actual covalent linkage formation but from the enhanced accessibility of the gum molecules to starch.
The overall effects of the heating with CMC on the paste viscosity were similar to those observed with the starch heated with the alginate. Presence of CMC itself, prior to heating, resulted in a slight decrease in the peak viscosity of waxy maize starch paste (CMC and NH, Table 1 ). With the heat treatment, however, the peak and final viscosities of the starch were raised substantially to the values greater than those given by starch heated alone. The viscosity of the starch CMC mixture was greater when heated at pH 8, as the result from the alkaline effect on granular structure: 3480 and 2310 cP, respectively for the peak and final viscosities. The final viscosity increases by heating were 240 cP (from 1590 to 1830 cP) at pH 6, and 780 cP (from 1530 to 2310 cP) at pH 8 ( Table 1) . Considering the viscosity changes of the pure starch (NoGum) by heating (340 cP decrease at pH 6, but 280 cP increase at pH 8), however, the overall final viscosity increases by heating with CMC were 580 cP at pH 6, and 500 cP at pH 8. Therefore the actual viscosity changes heat induced was slightly greater at pH 6 than that at pH 8. This trend was identical to that observed with the starch samples treated in the presence of alginate, but it was found that CMC was more effective in increasing viscosity than was alginate.
Paste viscosity of heat-treated starch with xanthan.
Xanthan rendered more profound changes in the paste viscosity of waxy maize starch than alginate or CMC ( Table 1) . Regardless of the pH, the paste of the waxy maize starch heat treated with xanthan became resistant to shear induced breakdown. Moreover, the swelling of starch granules became substantially restricted, by showing almost no clear peak viscosity (maximum swelling) in the RVA viscograms. The viscosity was highly stable during the holding period at 95 C, which subsequently made the final viscosity higher than the peak viscosity. In the viscograms, the final viscosity of the starch treated at pH 8 was higher than that of the starch treated at pH 6. It was noteworthy that the heating with xanthan under the mild acidity (pH 6) actually reduced the final viscosity of the starch by 250 cP (from 1750 to 1500 cP, Table 1 ). However, the final viscosity loss was still less than the loss by heating without added gum (340 cP for NoGum), and the heating with xanthan actually increased the final viscosity by 90 cP. Under the mild alkalinity (pH 8), heating with xanthan induced a substantial increase in final viscosity by 720 cP (2420 1700 cP). Considering that the viscosity change by heating at pH 8 without added gum (280 cP increase), xanthan raised the final viscosity by 440 cP (720 280). The viscosity changes enhanced by alkalinity were opposite to those observed with alginate or CMC. Moreover, the profile of viscograms in which xanthan retarded starch swelling and raising shear stability of the hot paste was similar to that of the chemical cross linked starches. It is still not clear how the heat induced changes of the starch with xanthan are affected by pH. The alkaline heating with xanthan increased the pasting temperature of the heated starch (Table 1) , which was assumed that an evidence of the cross linking effect. It was hypothesized that the pyruvate cyclic acetal groups may have been removed from xanthan molecules as a result of heating in the presence of acid, which removes thus the opportunity for xanthan to react with starch.
Paste viscosity of heat-treated starch with gum mixtures.
In the modification of commercial food starches, dual modifications with substitution and cross linking are often practiced to achieve increased thickening ability as well as shear stability of the hot paste. Because the heating with alginate or CMC displayed the effect similar to the chemical substitution whereas that with xanthan rendered the effect similar to chemical cross linking, equal mixtures (0.4 g total) of xanthan plus alginate, and xanthan plus CMC were examined in their combined effects on heat treated waxy maize starch.
The waxy maize starch treated with the xanthan alginate mixture (total 1.0% based on total solids) showed viscograms similar to those found when xanthan alone (viscograms not shown), but the peak and final viscosity values were greater (Table 1) . When the starch was heated in the alkaline condition (pH 8) with the gum mixture, the peak and final viscosity values (2810 and 2540 cP, respectively) were much higher than those (1860 and 1910 cP) heated at pH 6. There was greater breakdown in viscosity when the gum mixture was used than that observed when xanthan was used alone, and the breakdown was much greater at pH 8 ( Table 1) .
The starch samples heated with the xanthan CMC mixture also displayed the final viscosity higher than that found with the sample treated with xanthan or CMC alone. When the starch gum mixture at pH 6 was heated, the final viscosity of the mixture was 1890 cP, which was 390 cP higher than that of the starch heat treated in the presence of xanthan alone. When the mixture was heated at pH 8, the treated starch exhibited a final viscosity of 2870 cP, or 450 cP higher than that obtained by the same treatment with xanthan alone. Like the starch treated with xanthan alone, there was almost no viscosity breakdown when the xanthan CMC mixture was used. Comparison of the products from heating at pH 6 and 8, with and without the gum mixture, revealed that the viscosity increase was greater as a result of heating at pH 8. Xanthan CMC provided more viscosity increase than did xanthan alginate. It might result from the higher reactivity of CMC as compared with alginate.
Waxy maize starch heated with the gum mixtures showed increased peak temperature, which indicated starch swelling was restricted. After dry heating at pH 6, the viscosity of the starch treated with xanthan CMC mixture continued increasing up to the cooling stage, without exhibiting peak viscosity and breakdown (ND in Table 1 ). It indicates that the xanthan CMC mixture was more effective in inhibiting the granule swelling and stabilizing the paste to shearing than was the xanthan alginate mixture. Therefore, the gum mixtures could be effectively used as dual modification agents in the physical process using dry heat.
DSC melting properties.
The temperatures and enthalpy for melting of starch crystals are shown in Table 2 . All three gums tested exhibited the similar values in the melting properties. The heat treatment itself, however, provided changes in starch melting. When waxy maize starch, without added gum, was heat treated at pH 6, both melting temperatures and enthalpy were decreased, by 2 4 C and 2.5 J g, respectively. The same heating at pH 8, however, resulted in minor changes in melting temperatures but more substantial decrease in melting enthalpy (4.05 J g), possibly as the evidence of the alkali induced structural disruption of starch granules. The presence of the gums prior to heating (NH samples) increased the melting temperatures but decreased the melting enthalpy of the starch samples, regardless of the mixture pH. It was supposed that the increased ionic strength of the dispersion by adding the ionic gums might have somewhat inhibited the starch crystal melting. By heating in the presence of the gums, the onset temperature for melting appeared not significantly changed, but the conclusion temperature (Tc) was reduced. And the melting enthalpy was also decreased by the heating. The mixture pH (6 and 8) did not show any significant difference in its effects on thermal properties.
The overall dry hearing effects with the ionic gums were not as substantial as those on the pasting viscosity. However, the dry heating apparently reduced the melting enthalpy indicating both treatments facilitated the starch melting. The heat induced disintegrations of the starch granules might allow starch to melt with reduced thermal energy. Because of the size of gum molecules, the interactions between the gum and starch molecules are expected highly restricted. If any, it might occur only on the surface of starch granules or the channels inside the granules. It is also expected that only a portion of the amorphous regions are accessible to the gum molecules. Therefore, the crystalline regions in starch granules remain inert to any structural changes possibly induced by the interactions with gum molecules. 
Leaching of gums.
The dry heat treatment changed the solubility of starch gum mixtures (Fig. 1) . Starch granules itself showed limited amount of carbohydrate leaching (0.1%) when dispersed in the neutral buffer solution. The leaching was greater for the starch samples pre adjusted to pH 8, possibly due to the help of alkali. After the dry heat treatment, the solubility was slightly increased, which supported the possibility of minor thermal degradation. The starch gum mixtures showed increases in the amount of carbohydrates leached up to 0.44%, indicating that some of the incorporated gum molecules were dissolved in the solution. Considering the amount of gum added (1.0%), the soluble gum was less than half of the added amount. Therefore, it suggests that the process of the heat treatment allows some gum molecules to become insoluble. The heated starch gum mixtures exhibited much less amounts of carbohydrate leached, indicating that the heating make the gums molecules more stabilized and insoluble. The insolublization of the gum proved the presence of interactions between gum and starch molecules.
Like the starch itself, the starch gum mixtures showed more leaching when treated at the alkaline pH. The heating effect was more significant with CMC than alginate and xanthan. Especially when heated with CMC at pH 6, the leached amount became less than half of the unheated sample. The starch heated with alginate at pH 6, however, showed the opposite result, showing an increased leaching. It was hypothesized that the starch molecules interacted with alginate became more hydrophilic and leached more readily. To understand how the gum molecules interact with starch molecules in granule, more study should be followed. Figure 2 displayed a supposed sequence of the starch gum interactions during the heat treatment process used in this study, using imaginary cartoons. The gum molecules are too big to impregnate inside starch granules. However, a portion of the gum molecules could penetrate through the channels, as indicated in the figure. This could be more possible when the channels become more accessible as the granules swell by dispersing in an aqueous solution. Thus, the impregnation or partial penetration is highly dependent to the granular swelling so that the alkaline condition may be more favored. Upon drying, starch granules shrink and thus the gum molecules are safely anchored on the granules, and thus not leached from the granules. And some gum chains that are not able to anchor on the granules may interact with starch molecules residing on the granule surface during the consequent heat treatment. It is still uncertain if the gum molecules form the ester linkages with starch or interact with simple hydrogen bonds. In addition, the different efficiency of the ionic gums depending on the pH for heating should be studied.
CONCLUSIONS
Simple dry heating of starch granules with ionic gums can modify pasting behavior of the starch. Reaction between starch and gum can be controlled by gum type and pH of the mixture. Among the ionic gums tested, xanthan behaved as a cross linking agent whereas alginate and CMC appeared to give the effect similar to chemical substitution. Although the dry heating effect of alginate or CMC seemed to be more pronounced at pH 6 than pH 8, degradation of starch chains may also occur during heating in the presence of acid. However, heating at pH 8 made the starch granules more reactive with xanthan, and the resulting paste more viscous. Therefore, to achieve good paste viscosity with shear stability, use of a mixture of xanthan and another ionic gum such as alginate or CMC under a pH control is suggested. By using these gum mixtures, starch may be modified similarly to that of dual chemical modifications of substitution and cross linking. This heat process with ionic gums is more cost effective and environmentally sound with no toxic byproduct. To understand to the thermal reactions of ionic gums with starch clearly, however, more investigations are still needed. and after (H) heat treatment with ionic gums at pH 6 and 8. Fig. 2 . Proposed sequences of gum impregnation in starch granules during aqueous mixing and dry heating.
